In this work we investigate the link between galaxy velocity dispersion, mass and other properties (color, morphology) with the properties of dark matter halos by comparing the clustering of galaxies at both fixed mass and velocity dispersion (σ). We use the Sloan Digital Sky Survey to define a volume limited sample of massive galaxies complete in both stellar mass (M star ) and σ with M star > 6 × 10 10 h −1 M ⊙ and σ > 75 km/s. Using this sample we show that at fixed σ there is no dependence of the clustering amplitude on stellar or dynamical mass (M dyn ). Conversely when M star or M dyn are fixed there is a clear dependence of the clustering amplitude on σ with higher σ galaxies showing a higher clustering amplitude. We also show that whilst when M star or M dyn are fixed there remains a dependence of clustering amplitude on morphology, there is no such dependency when σ is fixed. However, we do see a dependence of the clustering amplitude on g − r color when both mass and σ are fixed. Despite this, even when we restrict our samples to only ellipticals or red galaxies the relationship between σ and clustering amplitude at fixed mass remains. It seems likely that the residual correlation with color is driven by satellite galaxies in massive halos being redder at fixed σ. The lack of a similar residual morphology dependence implies that the mechanism turning satellites red is not changing their morphology. Our central result is that σ is more closely related to the clustering amplitude of galaxies than either M star or M dyn . This implies that σ is more tightly correlated than M star or M dyn with the halo properties that determine clustering, either halo mass or age, and supports the notion that the star formation history of a galaxy is more closely related to its halo properties than its overall mass.
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ABSTRACT
In this work we investigate the link between galaxy velocity dispersion, mass and other properties (color, morphology) with the properties of dark matter halos by comparing the clustering of galaxies at both fixed mass and velocity dispersion (σ). We use the Sloan Digital Sky Survey to define a volume limited sample of massive galaxies complete in both stellar mass (M star ) and σ with M star > 6 × 10 10 h −1 M ⊙ and σ > 75 km/s. Using this sample we show that at fixed σ there is no dependence of the clustering amplitude on stellar or dynamical mass (M dyn ). Conversely when M star or M dyn are fixed there is a clear dependence of the clustering amplitude on σ with higher σ galaxies showing a higher clustering amplitude. We also show that whilst when M star or M dyn are fixed there remains a dependence of clustering amplitude on morphology, there is no such dependency when σ is fixed. However, we do see a dependence of the clustering amplitude on g − r color when both mass and σ are fixed. Despite this, even when we restrict our samples to only ellipticals or red galaxies the relationship between σ and clustering amplitude at fixed mass remains. It seems likely that the residual correlation with color is driven by satellite galaxies in massive halos being redder at fixed σ. The lack of a similar residual morphology dependence implies that the mechanism turning satellites red is not changing their morphology. Our central result is that σ is more closely related to the clustering amplitude of galaxies than either M star or M dyn . This implies that σ is more tightly correlated than M star or M dyn with the halo properties that determine clustering, either halo mass or age, and supports the notion that the star formation history of a galaxy is more closely related to its halo properties than its overall mass. Subject headings: galaxies: evolution -galaxies: formation -galaxies: halos -large-scale structure of universe
INTRODUCTION
In cosmological models of galaxy formation the formation history of galaxies, and hence their present day properties, are intimately linked with the formation history and properties of the dark matter (DM) haloes in which they reside. Therefore, if we wish to understand the process of galaxy formation it is important to observationally establish a link between the properties of galaxies and those of the halos in which they reside.
In recent years many studies have linked galaxy properties to halo mass using clustering, gravitational lensing, satellite kinematics, group catalogues or subhalo abundance matching, with the main focus being on linking the stellar properties (stellar luminosity, stellar mass, color, SFR) or those of the central black hole (luminosity, black hole mass) to the galaxy host dark matter halo properties. This work has shown strong correlations between halo mass and stellar mass, color, star formation rate, or morphology, such that more massive (luminous), redder (less star-forming), or more spheroidal galaxies live in more massive halos (e.g. Yang et al. 2008 Yang et al. , 2009 Zehavi et al. 2011; More et al. 2011; Mandelbaum et al. 2006; Leauthaud et al. 2011) . For AGN the relationships are less clear although correlations do exist between narrow line AGN luminosity or radio luminosity (Wake et al. 2004;  1 Department of Astronomy, Yale University, New Haven, CT 06520 2 Sterrewacht Leiden, Leiden University, NL-2300 RA Leiden, The Netherlands. Wake et al. 2008b; Mandelbaum et al. 2009 ) and halo mass. Perhaps unsurprisingly the strongest relationship occurs with stellar mass, which for central galaxies in halos show a tight correlation with a relatively small scatter of 0.17 dex (Yang et al. 2011) . At fixed stellar mass properties that indicate the star formation history of a galaxy then show little dependence on halo mass (More et al. 2011) , when only considering central galaxies.
In this work we focus on investigating how the dynamical properties of galaxies, such as velocity dispersion (σ) or surface mass density (Σ), in addition to stellar mass are related to the clustering amplitude of galaxies and hence their host dark matter halo properties. This is a particularly relevant question as it is becoming increasingly clear that many galaxy properties such as their current star-formation rates, starformation histories, metalicities, and black hole masses are more closely related to these dynamical properties than their total stellar mass (e.g. Bender et al. 1993; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kauffmann et al. 2003; Franx et al. 2008) . If the formation history and properties of the host dark matter halo are the major underlying cause of these galaxy properties, we might expect that σ or Σ are better indicators than stellar mass of these halo properties.
In this paper we make use of the very large sample of galaxies with velocity dispersion, stellar mass, size, color and morphology measurements from the seventh data release of the Sloan Digital Sky Survey (SDSS DR7; Abazajian et al. 2009 ). We split these galaxies into nar-row bins of one parameter, in particular mass or σ, and then see if there is any dependence of the clustering amplitude on another galaxy parameter within that narrow bin. In this way we can investigate if there are any residual dependencies on halo properties manifested by higher or lower clustering amplitudes as one parameter is varied whilst another remains fixed.
Throughout this paper, we assume a flat Λ-dominated CDM cosmology with Ω m = 0.27, H 0 = 73km s −1 Mpc −1 , and σ 8 = 0.8 unless otherwise stated.
DATA
The galaxy data used in this analysis are gathered from the seventh data release of the SDSS (Abazajian et al. 2009 ). We begin with the Large Scale Structure samples of the NYU Value Added Galaxy catalog (VAGC; Blanton et al. 2005) . These samples have been carefully constructed for measurements of large scale structure and include corrections for fiber collisions, the tracking of spatially dependent completeness and appropriate random catalogs all of which are required to accurately measure clustering. The sample we use has an r band magnitude range of 14.5 < r < 17.6. In addition the NYU VAGC gives k-corrected (to z=0.1) absolute magnitudes (Blanton et al. 2003) , velocity dispersion measurements from the Princeton Spectroscopic pipeline, and circularised sersic fits for each galaxy, all of which we make use of in this analysis.
For estimates of the stellar mass we make use of the MPA-JHU value added catalog which provides stellar mass estimates based on stellar population fits to the SDSS photometry Salim et al. 2007) . The overlap between the MPA-JHU and NYU VAGCs is close to but to quite 100% and so we remove the regions where they do not match from the analysis and adjust the completeness corrections appropriately (see section 4). We also remove any region of the survey that has a spectroscopic completeness less than 70%. This leaves an area of 7640 deg 2 and a total sample of 521,313 galaxies.
The SDSS velocity dispersions are measured within the 3" diameter SDSS fiber. We correct to a common aperture of one eighth of an effective radius (r e ), the central velocity dispersion, using the relation σ 0 = σ ap (8r ap /r e ) 0.066 where r ap = 1."5 (Cappellari et al. 2006) . r e is taken from the best fitting circularised sersic profile fit.
In addition to investigating how clustering depends on stellar mass and velocity dispersion, we also include the dynamical mass (M dyn ) as an addition galaxy mass indicator. Estimates of galaxy stellar masses are uncertain due to the complex nature of the star formation history, stellar population synthesis modeling, extinction law and initial mass function (e.g. see Marchesini et al. 2009; Muzzin et al. 2009; Conroy et al. 2009b ). The dynamical mass, which is estimated purely from the velocity dispersion and the size of the galaxy, will not be affected by these same systematic uncertainties and will likely have errors more similar to those of the velocity dispersion. In addition there is a strong and fairly tight correlation between stellar mass and dynamical mass in the SDSS (Taylor et al. 2010 , see also Figure 7 ) and so both masses are largely tracing the same physical property of a galaxy. To estimate dynamical mass we follow Taylor et al. (2010) where
with
where n is the sersic n parameter and the gravitational constant G = 4.3 × 10 −3 pc M −1 ⊙ km 2 s −2 . Finally we will make use of both galaxy color and morphology to further parameterize our galaxy samples. Throughout we use g − r colors from the K-corrected NYU VAGC absolute magnitudes. As already stated these are corrected to z = 0.1; although we will refer to them as g − r colors they are not quite g − r at rest. The morphological classifications we use come from Galaxy Zoo (Lintott et al. 2011 ) which provides multiple visual classifications for each galaxy in the SDSS spectroscopic sample. The parameter we use is the probability that a galaxy is an elliptical (P el ) corrected for redshift bias whereby higher redshift galaxies are more likely to be classified as ellipticals due to their smaller apparent sizes (see Lintott et al. 2011 , for details).
SAMPLES
We define a parent sample with stellar mass > 6 × 10 10 M ⊙ and 0.04 < z < 0.113. The stellar mass limit and redshift cuts are chosen to yield the largest stellar mass limited sample of galaxies that can be defined from the NYU SDSS VAGC galaxy catalog, thus maximizing the number of galaxies available for clustering measurements. This relatively high stellar mass cut is also helpful as the SDSS velocity dispersions are only reliable at > 75 km/s and thus become incomplete in σ at low stellar masses. By inspecting the distribution of velocity dispersion in narrow stellar mass bins we estimate that 98% of galaxies with stellar mass > 6 × 10 10 M ⊙ have velocity dispersion in excess of 75 km/s. Finally we remove galaxies with unreliable σ measurements by requiring that the error in σ be less than 10%.
Since there is a significant scatter in the relation between stellar mass and velocity dispersion we must make further cuts if we wish to define samples that are complete in both. To define the velocity dispersion completeness limit we investigate the distribution of stellar mass in narrow velocity dispersion bins for the full DR7 sample. Using these measurements we find the velocity dispersion that defines a complete sample of galaxies at the stellar mass of 6 × 10 10 M ⊙ . We find that for galaxies with a velocity dispersion of 210 km/s 85% have stellar masses greater than 6 × 10 10 M ⊙ and thus we restrict our sample to have σ grater than this limit when defining σ limited samples.
The aim of this work is to investigate which is more fundamental in determining the clustering amplitude, a galaxy's mass, either stellar or dynamical, or its central velocity dispersion. We approach this question by measuring the clustering where we have fixed the mass and allowed σ to vary and visa-versa. We define a series of samples with a narrow range in one parameter and then take the upper and lower quartile of the second parameter. We begin by defining the first velocity dispersion range, starting at the velocity dispersion completeness limit (210 km/s) and cutting at a dispersion of 242.3 km/s, the limit that contains 20% of the galaxies with σ larger than 210 km/s. We then split that sample by either stellar mass or dynamical mass into upper and lower quartiles. In a similar manner we construct two more samples with the same interval in σ with successively higher σ limits again splitting into highest and lowest quartiles in either stellar mass or dynamical mass. Details of these samples are given in Tables 3 and 5 in Appendix A. To make the reciprocal samples, i.e. highest and lowest quartiles in σ at fixed stellar mass or dynamical mass, we find the appropriate starting minimum mass and interval that produces three samples with the same number of galaxies as in the σ range samples. We then spit these into the highest and lowest quartiles of σ. Details of these samples are given in Tables 4 and 6. Figure 1 shows the distribution of galaxies in the σ -M star plane for the parent sample as well as the samples at fixed σ and M star .
We also define a series of samples in narrow stellar mass ranges where we take the highest and lowest quartiles in stellar surface mass density (Σ) and their reciprocals (Tables 8 and 7) again ensuring that they are complete in both stellar mass and surface mass density. This is an important consistency check for our measurements. It is Figure 3 . The ratio of the projected correlation functions between high and low velocity dispersion samples at fixed stellar mass (left). The ratio of the projected correlation functions between high and low stellar mass samples at fixed velocity dispersion (right). The best fit ratio on scales 1.6 < rp < 25.1 h −1 Mpc is shown as the dashed line.
possible that the scatter introduced by larger errors on M star could reduce any differences in relative clustering amplitude compared to σ, something which should be reduced by using M dyn . Whilst any errors on M dyn will be different and likely to be smaller than those on M star they will still be larger than the error on σ due to the additional uncertainties in fitting the profile to determine R e and the sersic-n parameter. However, Σ, which should show similar trends to σ, contains both the errors on M star and on R e . Therefore, any reduction in clustering trends due to scatter in the measurement of the physical parameters should be largest for this sample. For each pair of samples (e.g. high and low stellar mass at fixed dispersion) we find that the mean of the fixed parameter changes very little between the samples split into high and low quartiles. For a fair comparison we compare the mass ratio to the square of the σ ratio since mass is proportional to σ 2 . For all samples the ratio of the mean of the fixed parameter varies by less than 5% and so should have a negligible effect on the clustering amplitude. Conversely the ratio of the means of the varying parameter covers a factor of 2 to 3.5.
In the Appendix A we plot redshift, velocity, mass, mass density and morphology distributions for each sample where appropriate. As expected, since we have defined a volume limited parent sample and have only made cuts where we are complete in σ, M den and mass, the redshift distributions for all samples are the same.
CLUSTERING MEASUREMENT TECHNIQUES
The two-point correlation function, ξ(r), is defined as the excess probability above Poisson of finding an object at a physical separation r from another object. This is calculated by comparing the number of pairs as a function of r in our galaxy catalogs with the number in a random catalog that covers the same volume as our data.
Since the space density of galaxies in our subsamples is very low shot noise would be a significant source of error for measurements of their auto-correlation functions. However, we can overcome this problem by using a much denser sample of galaxies to trace the underlying density field and measure the clustering of our sub-samples relative to this larger sample using the cross-correlation function. The obvious choice for the larger sample is the parent sample we defined above containing all galaxies passing our basic selection criteria. This sample contains almost 65,000 galaxies and so has a space density almost 20 times higher than our largest sub-sample. Whilst the individual cross-correlation functions will reflect the intrinsic clustering amplitude of both the sub-and parent samples the ratio between any two of these cross correlations will just reflect the ratio between the clustering of the two sub-samples in question, with the clustering of the parent sample in effect being 'canceled out'.
Measuring the line-of-sight distance using redshifts introduces distortions into the correlation function. The effect of these distortions can be overcome by separating the clustering signal into contributions perpendicular (r p ) and parallel (π) to the line-of-sight (ξ(r p , π)). One can then integrate over the line of sight direction to estimate the projected correlation function
The final expression only involves the real-space correlation function ξ(r) showing that w p (r p ) is not compromised by redshift space distortions (Davis & Peebles 1983) . In practice it is only possible to integrate out to some maximum π because ξ(r p , π) is poorly known on very large scales resulting in additional noise being introduced to the measurement. We integrate to 60h −1 Mpc which is sufficiently large to include most correlated pairs and gives stable results.
We make this measurement using the Landy & Szalay (1993) estimator in the cross-correlation form, with
where DD1 are the pair counts between the parent and sub-sample, DR are the pair counts between parent and random sample, D1R are the pair counts between subsample and random sample and RR are the pair counts between the random sample, all split into the r p and π directions. We are able to use the same random sample in each term as all samples are complete throughout the same volume, i.e. they cover the same spatial extent and have the same redshift distributions. We calculate the pair counts in a grid which is logarithmically spaced in r p of width 0.2 log(h −1 Mpc) and linearly spaced in the π direction of width 2h
−1 Mpc with all separations in comoving coordinates. The random catalogue is based on the one provided by the NYU VAGC with additional cuts to match the exact spatial coverage of the MPA/JHU stellar masses and redshifts matching the redshift distribution of our samples. The resulting random catalogue contains almost 1.9 million randoms, close to 29 times as many as in our parent galaxy catalog, which is a sufficient number such that our errors are never dominated by shot noise in the random pair counts.
Since the individual bins in a correlation function measurement are highly correlated we need to generate accurate covariance matrices if we wish to compare our clustering measurements in a meaningful way. The simplest approach and the one we chose to follow is to use jackknife resampling (Scranton et al. 2002) . There is some debate about the accuracy of covariance matrices generated in this way; for instance Norberg et al. (2009) suggest that the structure of jackknife covariance matrices may not be entirely accurate for w p (r p ) measurements, although the variance is reliable. Conversely Zehavi et al. (2002 Zehavi et al. ( , 2004 Zehavi et al. ( , 2005 find that they can closely reproduce the structure and amplitude of covariance matrices generated by mock catalogs using jackknife resampling. Because of this uncertainty, it might be preferable to generate covariance matrices from large numbers of mock galaxy catalogues generated by populating dark matter halo catalogs so as to reproduce the clustering and Figure 5 . The ratio of the projected correlation functions between high and low surface mass density samples at fixed stellar mass (left) and high and low stellar mass samples at fixed surface mass density (right). The best fit ratio on scales 1.6 < rp < 25.1 h −1 Mpc is shown as the dashed line.
density of each sample. However, since we have so many sub-samples, each with a complex selection, it would be enormously challenging to undertake such a scheme. We have therefore chosen to use jackknife resampling which should be sufficient for our purposes. We split the SDSS area into 146 equal area regions and then repeatedly calculate w p (r p ) removing one area at a time. These 146 w p (r p ) measurements are then used to generate a full covariance matrix.
RESULTS
5.1. Is galaxy mass or σ more closely related to clustering amplitude? Figure 2 shows the w p (r p ) measurements for the high and low σ samples at fixed M star (left) and the high and low M star samples at fixed σ (right). We find that when the mass is held fixed the high σ samples have a higher clustering amplitude than the low σ samples. This is true on all scales and for all mass ranges. However, when σ is held fixed there appears to be little or no dependence of the clustering amplitude on M star . This is the central result of this paper: clustering amplitude depends on σ at fixed mass, but does not depend on mass at fixed σ.
This result is illustrated more clearly in Figure 3 which shows the ratio of w p (r p ) between the high and low σ samples at fixed M star (left) and the high and low M star samples at fixed σ (right). Figure 4 is similar to Figure 3 , except M star is replaced by M dyn and shows exactly the same trends as with M star . We also show in Figure 5 the ratio of w p (r p ) between high and low Σ samples at fixed M star and high and low M star samples at fixed Σ. This is, in effect, the same as splitting by size at fixed mass or mass at fixed size. Since M dyn and M star are highly correlated one would expect galaxies with smaller R e at a fixed M star , thus higher Σ, to have a higher σ. These samples should then be analogous to those with varying σ at fixed M star and indeed they show the same trend of higher clustering amplitude at higher Σ when M star is fixed and very little dependence with M star when Σ is fixed. As discussed in Section 3 this also Figure 6 . The best fit large scale bias ratios for the samples plotted in Figures 3, 4 and 5. The top panels show the bias ratio for high and low Mstar at fixed σ and high and low σ at fixed Mstar. The middle panels show the bias ratio for high and low M dyn at fixed σ and high and low σ at fixed M dyn . The bottom panels show the bias ratio for high and low Σ at fixed σ and high and low σ at fixed Σ. There is a significant dependence of the bias on σ or Σ at fixed mass, whereas there is little or no dependence on mass at fixed σ or Σ.
implies that these observed trends are not the result of larger measurement errors on M star or M dyn compared to σ, which could have reduced the clustering dependence on mass compared to σ.
To quantify these ratios in w p (r p ), which constitutes a ratio in galaxy bias, we find the best fitting scale independent amplitude on scales 1.6 < r p < 25.1 h −1 Mpc. These scales are sufficiently large as to be dominated by pair counts between DM halos, rather than galaxies within halos, and so should show a scale independence with respect to the dark matter clustering and give an indication of the relative linear bias of the two samples. For the w p (r p ) ratios shown in Figures 3, 4 and 5 this appears to be the case and indeed a scale independent ratio is an acceptable fit for all but one of the samples. These fits are made using the full covariance matrices for the w p (r p ) ratio, and are shown as the dashed lines in Figures 3, 4 and 5. Details of the fits are given in Table 1 and the best fit bias ratios and errors are plotted for all these samples in Figure 6 . In addition to the The relationship between dynamical and stellar mass for all DR7 galaxies with 0.04 < z < 0.113 and σ > 75 km/s (black contours) and those galaxies classified as either ellipticals (red contours) or spirals (blue contours). The points show the median Mstar in bins of M dyn and the solid lines the biweight best fit. The dotted line shows the one-toone relation. This relationship is almost identical independent of morphology over the whole mass range covered by this plot, and becomes indistinguishable for the mass range of interested in this paper.
best fit we also calculate the χ 2 for a w p (r p ) ratio of one over the same scales, and give the χ 2 value as well as the probability of an acceptable fit in Table 1 . In all cases the best fit ratio is higher when σ or Σ is varied at fixed mass than when σ or Σ are fixed and the mass allowed to vary. Similarly when σ or Σ are fixed the w p (r p ) ratios between the high and low mass samples are consistent with one in all but one case whereas the varying σ or Σ samples at fixed mass are nearly all inconsistent with a w p (r p ) ratio of one. For each parameter pair we can combine the samples and determine the probability that all are consistent with a w p (r p ) ratio of 1. Again we find that at fixed σ or Σ the samples are indeed consistent with showing no dependence of the clustering amplitude on mass at the 66%, 87% and 66% levels, whereas there is only a 0.9%, 0.03% and 0.7% chance that all three of the varying σ or Σ samples at fixed mass are consistent with no variation in clustering amplitude on large scales.
On small scales the differences are just as clear with the varying σ or Σ samples typically showing even larger w p (r p ) ratios than at large scales. The samples with varying mass at fixed σ or Σ occasionally show moderately larger w p (r p ) ratios on small scales than on large scales, but often there is no difference with the w p (r p ) ratio remaining consistent with one on all scales.
Overall these measurements make it clear that velocity dispersion or stellar mass surface density are more closely related to galaxy bias than either stellar mass or dynamical mass.
The Importance of Morphology and Color
We have included the distribution in elliptical probability for each of the samples in the plots in Appendix A as it demonstrates one area that is both potentially a concern but also scientifically important for this analysis. σ is much better correlated with morphology or color than stellar mass is. Σ is also a better discriminator than mass, but not as good as σ (see Wake et al. 2012 for a detailed study of these trends). Because of this when we fix σ we come pretty close to fixing morphology regardless of the mass and when we split into high and low σ samples at fixed mass we are pretty close to splitting into disks and spheriods (we also see a splitting by color in the same way). This is of course the heart of our investigation: is a tighter correlation between σ and halo properties (compared to the correlation between mass and halo properties) the explanation as to why σ is a better indicator than stellar mass of a galaxy's stellar population? This does however raise a potential worry regarding systematics: are we measuring the same thing when we measure σ for a disk galaxy as compared to a spheroidal galaxy?
We tackle this question in several ways. Firstly we show in Figure 7 the observed relationship between M star and M dyn for all the galaxies in SDSS with 0.04 < z < 0.113 and σ > 75 km/s. We further split this sample into spheriods or disks based on the Galaxy Zoo classifications. The relationship is essentially identical regardless of morphology over practically the entire mass range. There is a small deviation at lower masses but this is below the mass range considered in this work. This gives us confidence that the velocity dispersion is measuring the same physical quantity for both disks and ellipticals within the SDSS fiber radius.
The second approach is a more direct one: we can see if morphology itself has any effect on the clustering amplitude of our galaxies at fixed mass or σ. We thus define samples with high and low elliptical probabilities in narrow ranges of M dyn and σ. We note that we are unable to just take the quartiles of the distribution in elliptical probability as we have done for parameters previously as there is a redshift dependence to the probabilities assigned. This results from galaxies being harder to classify at higher redshift due to their smaller angular size and surface brightness dimming. Whilst there has been some correction for this effect applied to the Galaxy Zoo probabilities we find that it does not entirely remove this bias resulting in the samples split into upper and lower quartiles in P el having different redshift distributions. We thus define our samples making use of the expectation that the morphological mix does not vary significantly over our narrow redshift range. We find the best fit linear relations between elliptical probability and redshift that produce the 25% most and least likely ellipticals at each redshift and use these relations to define our samples. Details of these samples are given in Tables 9 and  10 and their distributions are plotted in Appendix A. Figure 8 shows the large scale w p (r p ) ratios of these high and low P el samples at fixed mass and σ. As before we fit the w p (r p ) ratio (shown in Figure 17 in Appendix A) between 1.6 < r p < 25.1 h −1 Mpc and determine the probability that the ratio is consistent with one. Details of these fits are give in Table 2 . At fixed σ there is no evidence for any dependence of the clustering amplitude on morphology at any scale. At fixed mass the ratios are all non-zero with galaxies with a higher P el showing a higher clustering amplitude than those with a low P el . However, the significance of these positive w p (r p ) ratios is low with all being consistent with no difference in the clustering amplitude. This implies that the correlation of morphology with dispersion is not the determining factor in the strong correlation of clustering amplitude with σ at fixed mass.
Whilst the strong correlation of color with σ is unlikely to introduce any systematics in our measurements it is still informative to investigate whether there is any residual clustering dependence on color at either fixed mass or σ. Since color is better correlated with σ than mass one might imagine that any residual clustering dependence on color would be lower at fixed σ than at fixed mass if the halo properties are key to determining the color, much as is seen with morphology above. To test this we show in Figure 8 the best fit large scale correlation function ratios of high and low g − r color samples at fixed mass and dispersion and list the fitting results in Table 2 (the full w p (r p ) ratios are shown in Figure  18 in Appendix A). Since the color evolves with redshift we have again had to split the samples in a similar way to the elliptical probability samples such that we have the reddest and bluest quartiles at any redshift. Now, unlike with the elliptical probability, we see a residual clustering dependence on color at both fixed mass and σ such that red galaxies cluster more strongly than blue. This is most likely the result of the truncation of star formation in satellite galaxies in massive dark halos, resulting in satellite galaxies at fixed mass or σ having redder colors than central galaxies with the same mass or σ (e.g. Yang et al. 2009 ). The fact that we see a significant residual color dependence and not much of a residual morphology dependence suggests that the environmental mechanism for transforming the color of a galaxy from red to blue does not simultaneously change the morphology. A similar result was observed by Skibba et al. (2009) using the marked correlation function applied to SDSS galaxies.
Since we do see some residual color dependence and perhaps a hint of morphology dependence in the clustering amplitude at fixed mass it is worth asking if the σ dependence remains when morphology or color is fixed. We show in Figure 9 the large scale w p (r p ) ratio of high and low σ samples at fixed M dyn and high and low M dyn samples at fixed σ where we have restricted the galaxies to be either red (g − r > 0.9) or have high elliptical probabilities (P el > 0.6). The fit details given in Table 2 and the full w p (r p ) ratios shown in Figures 20 and 19 in Appendix A. Despite the sample sizes being reduced and hence the errors increasing, the original trend of high σ galaxies having a higher clustering amplitude at fixed mass remains significant and the large scale ratios stay essentially the same within the errors. There is a hint that the w p (r p ) ratios are slightly reduced, but by removing the blue or spiral galaxies we have removed many lower σ galaxies and reduced the difference between the high and low σ samples. This is a clear demonstration that galaxies with higher σ cluster more strongly than galaxies with lower σ regardless of their mass, morphology or color. 
DISCUSSION
We have shown that at fixed mass (stellar or dynamical) galaxies with high σ (or Σ) cluster more strongly than galaxies with low σ. Conversely, at fixed σ (or Σ) our measurements are consistent with high and low mass galaxies clustering the same. If the clustering of galaxies is dominated by the clustering of the DM halos in which they reside, as expected in the CDM paradigm, then this implies that even at fixed galaxy mass higher σ galaxies live in more clustered halos than low σ galaxies. The main determinant of a halo's clustering amplitude is its mass, but it has also been shown in simulations that halos with different formation histories also cluster differently, with older more centrally concentrated halos clustering more strongly (Gao et al. 2005; Wechsler et al. 2006; Wetzel et al. 2007; Gao & White 2007; Jing et al. 2007; Li et al. 2008 ). This means that galaxies with higher σ at fixed mass could be preferentially be living in either more massive or older more centrally concentrated halos.
When considering how galaxies occupy halos it is also important to make the distinction between the galaxy that has been formed at the center of a given DM halo, the central galaxy, and those that initially formed at the centers of other halos and have later been accreted into this halo, satellite galaxies. The properties of a central galaxy will be largely determined by the formation history and properties of its host halo, whereas any effect the current host halo has on satellite galaxies is limited to the time after it has been accreted.
In the following sections we address whether our result can be explained by a relationship between σ and halo mass for central galaxies (Section 6.1) or for satellite galaxies (Section 6.2), or by a relationship between σ and halo formation history (Section 6.3) 6.1. Central galaxy halo mass correlations Since DM halo mass has the largest effect on clustering amplitude, the simplest explanation for our results is that σ is better correlated with its host halo mass than stellar or dynamical mass are. For galaxies living at the centers of halos, central galaxies, there is a strong correlation between stellar mass and halo mass (e.g. Yang et al. 2009; Wake et al. 2011 ), but with a significant scatter (Yang et al. 2009 (Yang et al. , 2011 . If the scatter between σ and halo mass for centrals is substantially lower than the scatter with M star this could result in clustering observations much as we have observed.
It is striking in Figures 3 and 4 that the clustering ratio between high and low σ samples becomes even larger as the scale decreases. The clustering amplitude on such scales is determined by the separations of galaxies within individual halos, so between central and satellite galaxies. Thus these smaller scale clustering measurements can provide an additional constraint as to whether a tighter correlation between σ and halo mass (M halo ) for central galaxies could produce the observed clustering results.
We show in Figure 10 an illustrative attempt at modeling the effect of a smaller scatter between σ and M halo than between M star and M halo using the halo model (see Wake et al. 2011 , for details of our model). We have fitted halo occupation distributions (HOD), the mean number of central and satellite galaxies as a function of halo mass, to the clustering measurements for a series of samples of SDSS galaxies limited in stellar mass (i.e. M star >M low ) (see Wake et al. 2012 , for details of these measurements). Subtracting two of the resulting HODs with slightly different M low gives the HOD for a sample of Figure 8 . The dependence of large scale bias on elliptical probability (top) and g − r color (bottom) at fixed M dyn (left)and σ (right). The bias does depended on elliptical probability at fixed mass but not at fixed σ. However, there is a significant dependence of the bias on color at both fixed mass and σ.
galaxies with a narrow range in M star . We show an HOD for such a sample as the black line in the top panel of Figure 10 , which has been chosen as it matches the lowest M star sample we use (11.04 < log(M star ) < 11.19). We can then attempt to mimic the effect of splitting into high and low σ samples under the assumption that σ for central galaxies is better correlated with halo mass than M star is, so that the high σ sample will have higher average halo masses than the low σ sample. We do this by slightly adjusting the central galaxy halo mass thresholds that define the high and low halo mass cut offs in our HODs. The HODs of these two samples, representing high and low σ quartiles at fixed M star , are shown as the red and blue lines in the top panel of Figure 10 . These mock high and low σ samples each contain 25% of the central and satellite galaxies of the full sample, with the size of the central HOD controlled by the mass threshold adjustments and the satellite just random sampled to 25% of the number density, i.e. the form of the satellite HOD is left unchanged. The resulting w p (r p )ratio is shown in the bottom panel of Figure 10 for both the auto-and cross-correlations. The cross-correlation is calculated with an HOD suitable for the parent sample we use throughout this work (i.e. log(M star ) > 10.777).
The model w p (r p ) ratio shown in Figure 10 is quite similar to the measured ratios shown in Figures 3, 4 and 5, showing a constant increase in the cross-correlation amplitude on intermediate and large scales and then an increasing amplitude at small scales. It is always tempting to interpret changes in small scale (1-halo) clustering as reflecting changes in the satellite population, but this is a clear example of how this is not necessarily the case. The satellite population has not changed between the mock low and high σ samples, and it is the change in the central galaxies which is causing a change in the numbers of central-satellite pairs that causes the increased clustering amplitude on small scales. More explicitly, at a given stellar mass the higher σ galaxies are in more massive halos, which typically contain more satellite galaxies. This results in an increase in the number of central-satellite pairs, thus increasing the small scale clustering amplitude. The converse is true for lower dispersion centrals i.e. they are in less massive halos, with fewer satellites and so fewer central-satellite pairs. The satellite-satellite pairs remain unchanged, but since for these massive galaxies the satellite fraction is low so there may only be at most one or two satellites in a given halo the central-satellite pairs make up a significant contribution to the small scale clustering amplitude.
This exercise clearly demonstrates that if there is a much tighter correlation between σ and halo mass than between M star and halo mass then the clustering ratios we measure would be expected. There is, of course, some theoretical expectation that this would be the case. The stellar mass of a central galaxy depends on a large number of complicated astrophysical baryonic processes such Figure 9 . The dependence of large scale bias on σ at fixed M dyn (left) and M dyn at fixed σ (right) for elliptical galaxies (P el > 0.6; top) and red galaxies (g −r > 0.9; bottom). The same result as for the whole sample remains, there is significant dependence of the bias on σ at fixed M dyn but none on M dyn at fixed σ.
as gas cooling and feedback as well as mergers from satellite galaxies, which may give rise to a large scatter between halo mass and stellar mass. σ, on the other hand, is tracing the depth of the potential at the center of the halo and whilst this may be modified by the evolution of the baryons it is likely to be much more directly linked to the halo properties and in particular its mass.
Satellite galaxy halo mass correlations
Whilst our example halo model shows that our results can be produced just by central galaxies, it is of course possible to produce similar clustering trends by modifying the satellite distribution or both the central and satellite distributions. To increase the clustering amplitude of galaxies at fixed mass by modifying the satellites requires that higher σ satellites are preferentially found in more massive halos.
One possible process that could create such an effect is the stripping of the outer regions of a satellite galaxy by tidal interactions as it orbits it parent halo. This would likely have a minimal effect on σ whilst reducing the mass and size of the galaxy. The likelihood of a galaxy getting disrupted in this way increases as the halo mass increases but decreases as the mass of the galaxy increases. Since, the galaxies in this study are all more massive than 6 × 10 10 M ⊙ it would only be effective for satellites passing very close to the center of the most massive halos an occurrence that would be quite rare.
However, assuming that this process was an effective one we would expect to see its affects on the clustering both when the mass is held fixed and σ varied and visa-versa. Satellite galaxies at fixed mass would have higher σ in higher mass halos, since they would have been stripped more. This would mean that the satellite galaxies in the higher σ samples would be preferentially found in higher mass halos and hence would cluster more strongly, just as we have observed. The opposite would be true of satellite galaxies with fixed σ; one would expect them to have lower masses in more massive halos since again they would have experienced more tidal stripping.
One could then imagine a scenario that could explain our observations. If we assume that the more massive a central galaxy or the higher its σ then the more massive its parent halo, then for centrals one would observe higher clustering amplitudes both for higher mass galaxies at fixed σ and higher σ galaxies at fixed mass. At fixed σ the higher mass satellites would typically be in lower mass halos (where they haven't been stripped) and visa-versa, resulting in an overall reduction in the clustering ratio between the high and low mass samples. The opposite would be true at fixed mass, where the higher σ satellite galaxies would preferentially be in higher mass halos (where the stripping is effective), increasing the clustering ratio between high and low σ samples. A similar effect could also occur when considering M dyn rather than M star since the size of a galaxy would be reduced Figure 10 . Top: An example halo occupation distribution representing the case where correlation between σ and dark matter halo mass is tighter than the correlation between Mstar and halo mass. The black line represents an HOD for a galaxy population with a narrow slice in Mstar. The red and blue lines each contain 25% of the Mstarslice sample and have had their central halo mass thresholds adjusted to sample slightly higher and lower halo masses from within that sample, to represent high and low σ samples. In each case the dashed lines show the central galaxies and the dotted the satellites. Bottom: The auto-(solid) and cross-(dotted) correlation function ratios between the example high and low σHODs. They show the very similar characteristics to the measured correlation function ratios on both small and large scales.
as it is stripped, thus reducing M dyn . This does seem to be a viable explanation of our results, although we note that the fraction of satellite galaxies should be relatively low in our samples, < 20%.
6.3. Central galaxy halo age correlations Finally, as already mentioned, there is an alternative to the halo mass dependence outlined above, whereby instead of a tight correlation between central galaxy σ and halo mass there is a residual correlation between σ and a halo's formation history or age. N-body simulations show that at a given mass halos that formed earlier (and are more concentrated) are more clustered than younger halos (Gao et al. 2005; Wechsler et al. 2006; Wetzel et al. 2007; Gao & White 2007; Jing et al. 2007; Li et al. 2008) . This is an appealing explanation since it would link together both the correlation between σ and clustering amplitude as well as that between σ and the star formation history of galaxies. At a given mass galaxies with higher σ exhibit older stellar populations which would be naturally explained by the earlier formation of their parent halos and thus their higher clustering amplitude.
Consequences of these relationships
Assuming that a tighter relationship exists between σ and halo properties than between galaxy mass and halo properties for central galaxies, as outlined in Sections 6.1 and 6.3, we can use our measurements to infer how σ, M star , M dyn and R e interrelate with one another, and with halo mass and concentration. We expect that σ, M star and M dyn all depend on halo mass and each other as follows:
where M halo is the halo mass, R vir is the halo virial radius and c is the halo concentration (Hopkins et al. 2009 ). Therefore, when M star is fixed and σ varied either R e , M halo or c must vary. Since the clustering amplitude does change then either M halo or c must also change, such that higher dispersion galaxies must live in more massive or more concentrated (older) halos. Whilst it is the case that galaxies with higher σ at a fixed M star typically have a smaller R e (see Figure 11 ) they must also occupy more massive or more concentrated halos. Conversely as M star is increased at fixed σ R e must be changing as well such that more massive galaxies have larger R e , since there is no change in the clustering amplitude so M halo and c aren't varying. This means that at fixed σ increasing M star increases the ratio between M star and M halo . We see a similar effect with M dyn . When M dyn is held fixed and σ varied R e must also vary such that higher σ leads to lower R e . We also know that either M halo or c increases with σ at fixed M dyn since the clustering amplitude increases. M star could potentially vary in either direction with the size of the change depending on the ratio of the contributions of dark and stellar mass to the potential and the magnitude of the change in M halo or c with σ. In fact Figure 11 shows that at fixed M dyn there is very little average change in M star as σ increases, indicating that M halo or c have to increase with σ at fixed M dyn just as we observe. When M dyn is varied at fixed σ R e must also change, increasing as M dyn increases. Since the clustering amplitude does not change, M halo and c do not change and so M star must be increasing. This implies that at fixed σ galaxies with higher M dyn will have both larger M star and R e .
SUMMARY AND CONCLUSIONS
We have investigated how the clustering of galaxies depends on stellar mass, dynamical mass, velocity dispersion, surface mass density, color and morphology using large samples of massive galaxies from the SDSS. We split the samples into narrow ranges in mass, σ or Σ and measure any residual clustering dependence on the other parameters. We find the following:
1. When M star or M dyn are fixed there is a significant dependence of the clustering amplitude on σ on all scales, such that galaxies with higher σ are more strongly clustered. Conversely when σ is fixed there is no dependence of the clustering amplitude on either M star or M dyn . These trends remain when we limit the samples to galaxies that are red or morphologically elliptical. We see a similar trend using Σ instead of σ.
2. When M star or M dyn are fixed there is a weak dependence of the clustering amplitude on morphology. When σ is fixed there is no significant morphological dependent clustering.
3. There always remains a strong dependence of the clustering amplitude on a galaxy's g − r color at fixed mass or σ. This is most likely caused by satellite galaxies in massive halos always being preferentially redder than central galaxies of the same mass or σ.
We suggest that for our main finding, point 1. above, that there are three possible explanations; the relationship between σ or Σ and halo mass for central galaxies is tighter than that between M star or M dyn and halo mass; the relationship between σ or Σ and halo age (or concentration) for central galaxies is tighter than that between M star or M dyn and halo age (or concentration); tidal stripping of satellite galaxies reduces the size and mass of the galaxy whilst having a minimal effect on σ and is more effective in more massive halos. Or it could be a combination of all three effects. If the host halo mass or age are indeed better correlated with σ and Σ than with M star , these halo properties may also drive the star formation history of galaxies, explaining why Kauffmann et al. (2003) found that star formation rate is better correlated with Σ than M star , and why Franx et al. (2008) found that color and star formation rate are better correlated with σ than M star . Figure 12 . The redshift, velocity dispersion, stellar mass and elliptical probability distributions for the high (red) and low (blue) stellar mass at fixed velocity dispersion samples (left) and the high and low velocity dispersion at fixed stellar mass samples (right) The solid and dashed vertical lines in the velocity dispersion and stellar mass plots show the mean and median of the distributions respectively. Figure 13 . The redshift, velocity dispersion, dynamical mass and elliptical probability distributions for the high (red) and low (blue) dynamical mass at fixed velocity dispersion samples (left) and the high and low velocity dispersion at fixed dynamical mass samples (right). The solid and dashed vertical lines in the velocity dispersion and stellar mass plots show the mean and median of the distributions respectively. Figure 14 . The redshift, surface mass density, stellar mass and elliptical probability distributions for the high (red) and low (blue) stellar mass at fixed surface mass density samples (left) and the high and low surface mass density at fixed stellar mass samples (right). The solid and dashed vertical lines in the surface mass density and stellar mass plots show the mean and median of the distributions respectively. Figure 15 . The redshift, g − r color, dynamical mass and elliptical probability distributions for the high (red) and low (blue) g − r color at fixed dynamical mass samples (left). The redshift, velocity dispersion, g − r color, and elliptical probability distributions for the high (red) and low (blue) g − r color at fixed velocity dispersion samples (right). The solid and dashed vertical lines show the mean and median of the distributions respectively. Figure 16 . The redshift, velocity dispersion, dynamical mass and elliptical probability distributions for the high (red) and low (blue) elliptical probability at fixed dynamical mass density samples (left) and at fixed velocity dispersion samples (right). The solid and dashed vertical lines show the mean and median of the distributions respectively. The distributions in the redshift and dynamical mass plots have been scaled to the same number of objects. Figure 18 . The ratio of the projected correlation functions between red and blue g-r color samples at fixed dynamical mass (left) and velocity dispersion (right). The best fit ratio on scales 1.6 < rp < 25.1 h −1 Mpc is shown as the dashed line. Figure 19 . The ratio of the projected correlation functions between high and low σ samples at fixed M dyn for Elliptical galaxies (P el > 0.6 left) and between high and low M dyn samples at fixed σ for Elliptical galaxies (P el > 0.6 left). The best fit ratio on scales 1.6 < rp < 25.1 h −1 Mpc is shown as the dashed line. Figure 20 . The ratio of the projected correlation functions between high and low σ samples at fixed M dyn for red galaxies (g − r > 0.9 left) and between high and low M dyn samples at fixed σ for red galaxies (g − r > 0.9 left). The best fit ratio on scales 1.6 < rp < 25.1 h −1 Mpc is shown as the dashed line.
APPENDIX

A. SAMPLE PROPERTIES
